Human metapneumovirus (hMPV) is a recently discovered paramyxovirus that is a major cause of lowerrespiratory-tract disease. hMPV is associated with more severe disease in infants and persons with underlying medical conditions. Animal studies have shown that the hMPV fusion (F) protein alone is capable of inducing protective immunity. Here, we report the use of phage display technology to generate a fully human monoclonal antibody fragment (Fab) with biological activity against hMPV. Phage antibody libraries prepared from human donor tissues were selected against recombinant hMPV F protein with multiple rounds of panning. Recombinant Fabs then were expressed in bacteria, and supernatants were screened by enzyme-linked immunosorbent assay and immunofluorescent assays. A number of Fabs that bound to hMPV F were isolated, and several of these exhibited neutralizing activity in vitro. Fab DS7 neutralized the parent strain of hMPV with a 60% plaque reduction activity of 1.1 g/ml and bound to hMPV F with an affinity of 9.8 ؋10 ؊10 M, as measured by surface plasmon resonance. To test the in vivo activity of Fab DS7, groups of cotton rats were infected with hMPV and given Fab intranasally 3 days after infection. Nasal turbinates and lungs were harvested on day 4 postinfection and virus titers determined. Animals treated with Fab DS7 exhibited a >1,500-fold reduction in viral titer in the lungs, with a modest 4-fold reduction in the nasal tissues. There was a dose-response relationship between the dose of DS7 and virus titer. Human Fab DS7 may have prophylactic or therapeutic potential against severe hMPV infection.
Human metapneumovirus (hMPV) is a recently described respiratory pathogen that is a major cause of upper-and lowerrespiratory-tract infection in children and adults worldwide (5, 25, 26, 72, 81, 83) . hMPV is related genetically to respiratory syncytial virus (RSV), which is the most significant viral respiratory pathogen of infancy and early childhood. Epidemiologic studies showed that hMPV is associated with significant morbidity in young infants and other high-risk populations, such as immunocompromised cancer and transplant patients and those with underlying conditions, including prematurity, asthma, and cardiopulmonary disease (4, 6, 10, 26-28, 30, 36, 47, 50, 52, 57, 71, 76, 80, 82) . Hospitalization rates due to hMPV infection in previously healthy infants and in these high-risk groups are comparable to those caused by other common respiratory viruses, such as RSV, parainfluenzavirus (PIV), and influenza virus (4, 6, 20, 25, 26, 28, 29, 51, 74, 81) . There is currently no licensed vaccine for hMPV. Several groups have published preclinical studies of candidate live attenuated hMPV vaccines generated using reverse genetics (8, 63, 64, 66, 67) . However, live attenuated vaccines for use in infants face many obstacles to successful implementation, including safety concerns, difficulties achieving the appropriate balance between attenuation and immunogenicity, and poor immune response due to immunological immaturity of the neonate. Longstanding efforts to develop live attenuated vaccines against RSV and PIV attest to these obstacles (11, 13, 16, 21, 43, 53) .
The hMPV fusion (F) protein is likely the most important target of protective immunity. Sequence analysis of the hMPV F protein shows that it is related to other paramyxovirus fusion proteins and appears to have homologous regions that likely have similar functions. Paramyxovirus fusion proteins are synthesized as inactive precursors (F0) that are cleaved by host cell proteases into the biologically fusion-active F1 and F2 domains. hMPV F contains one putative cleavage site that is highly conserved, as well as fusion peptide and heptad repeat domains. Recent data suggest that hMPV F alone expressed from transfected cDNA is capable of mediating cell-cell fusion (61) . Fusion proteins are major antigenic determinants for all known paramyxoviruses and for other viruses that possess similar fusion proteins, such as human immunodeficiency virus, influenza virus, and Ebola virus. Two groups have shown that hMPV F expressed in a chimeric, live attenuated PIV vaccine is immunogenic and protective in rodents (64, 67) . We previously generated recombinant hMPV F protein that was immunogenic and protective in cotton rats (17) .
In the absence of a licensed vaccine, another option for prophylaxis or treatment of severe respiratory viral infections is to provide passive immunity in the form of neutralizing antibodies. Animal studies have shown the feasibility of this approach against RSV and PIV using both polyclonal and monoclonal antibodies (MAbs) (32, 33, 37, 55, 56, 62, 68, 89) . Subsequent human trials of human polyclonal and humanized mouse MAbs against RSV showed protective efficacy in the prevention of severe lower-respiratory-tract disease and hospitalization (35, 54, 77, 79) . Passive antibodies also have shown efficacy in the treatment of severe disease, especially in highrisk and immunocompromised persons (19, 24, 32, 34, 38, 44, 75) . Most currently licensed MAbs are chimeric or humanized mouse immunoglobulin molecules. Although severe reactions such as anaphylaxis are less common with chimeric or humanized MAbs than with murine MAbs, human anti-chimericantibody and anti-humanized-antibody responses still occur, causing adverse reactions and limiting therapeutic efficacy (1, 41, 65) . Thus, human MAbs are a preferred therapeutic choice, and the development of fully human MAbs remains a key goal of antibody research. The preparation of combinatorial phage display libraries from variable heavy-and light-chain antibody genes provides an efficient method for the isolation of human antibody Fabs. The construction of antibody libraries on the surface of M13 phage and their application for the generation of human MAbs against numerous viruses have been described in several reports (2, 3, 9, 14, 15, 18, 60, 86) . Many of these studies reported the isolation of antibodies that neutralize virus in vitro and in vivo. In the present study, we describe the development of fully human MAbs against hMPV F protein, using phage display technology. Several of these Fabs exhibited in vitro neutralizing activity, and the clone with the highest in vitro efficacy was effective therapeutically in the cotton rat model.
MATERIALS AND METHODS
HMPV F ectodomain expression in mammalian cells. We previously generated a soluble, expression construct of the hMPV F gene truncated so as to remove the transmembrane (TM) domain. We used RT-PCR to amplify a fulllength F sequence from a pathogenic clinical isolate designated TN/92-4, a prototype genogroup A2 strain according to the proposed nomenclature (73) . The full TN/92-4 F sequence was sequence optimized by a commercial source (Aptagen) to alter suboptimal codon usage for mammalian tRNA bias, improve secondary mRNA structure, and remove AT-rich regions, increasing mRNA stability. We then generated an expression vector encoding the hMPV F ectodomain construct lacking the TM domain (pcDNA3.1-F⌬TM). The optimized full-length cDNA of the F gene was PCR amplified with the primers 5Ј-GGAG GTACCATGAGCTGGAAG-3Ј and 5Ј-GAAGCGGCCGCTGCCCTTCTC-3Ј, and the PCR product was digested and ligated into the KpnI/NotI sites (restriction sites are underlined) of the vector pcDNA3.1/myc-His B (Invitrogen). The pcDNA3.1-F⌬TM recombinant plasmid was transfected into a suspension of 293-F cells (Freestyle 293 expression system; Invitrogen). At 96 h posttransfection, cells were centrifuged for 5 min at 100 ϫ g at room temperature and the supernatant harvested. Supernatant was filtered through 0.2-m filters before purification.
Purification of His 6 -tagged F ectodomain. Protein purification was performed on an Á KTA fast protein liquid chromatography system controlled by UNI-CORN 4.12 software (GE Healthcare). The His-tagged F ectodomain F⌬TM was purified by immobilized metal ion-affinity chromatography using prepacked HisTrap Ni-Sepharose columns (GE Healthcare). Sample was diluted with concentrated binding buffer stock to adjust pH, salt, and imidazole concentrations before purification. Protein was loaded on a 5-ml HisTrap column with a loading flow rate of 5.0 ml/min, and the binding buffer contained 20 mM sodium phosphate, 0.5 M NaCl, and 30 mM imidazole (pH 7.4). Unrelated proteins were eluted in elution step 1 using 4 column volumes of 8% elution buffer, and the His 6 -tagged F protein was eluted in elution step 2 with 4 column volumes of 25% elution buffer. The elution buffer contained 20 mM sodium phosphate, 0.5 M NaCl, and 500 mM imidazole (pH 7.4). Purified protein was concentrated and dialyzed against phosphate-buffered saline (PBS) (Invitrogen) through Amicon Ultra centrifugal filters with molecular weight cutoffs of 30,000 and 100,000 (Millipore).
Construction and selection of antibody phage display libraries. Antibody Fab immunoglobulin G1 (IgG1) ( and/or chain) phage display libraries were cloned from the bone marrow tissue of 12 donors as described elsewhere (2, 86) . Libraries ranged in size from 3 ϫ 10 6 to 5 ϫ 10 7 members. Libraries were selected individually against recombinant hMPV F protein bound to enzymelinked immunosorbent assay (ELISA) wells using a biopanning procedure described in reference 2. Selected phage recovered from the fourth or fifth round of panning were converted to a soluble Fab expression system (2), and clones were tested individually for reactivity with the recombinant hMPV F proteinselecting antigen. Selected hMPV F protein-reactive Fab clones were purified by immunoaffinity chromatography (86) .
Immunofluorescent assays. LLC-MK2 cell culture monolayers were infected with hMPV at a multiplicity of infection of 1. At 24 h after infection, cells were fixed with 10% buffered formalin, washed with PBS-Tween (PBS-T), and then incubated with either Fabs or anti-hMPV serum (diluted 1:500) in PBS-T-milk for 1 h at 37°C. After washing with PBS-T, cells were stained with AlexaFluor568-conjugated goat anti-guinea pig Ig or AlexaFluor568-conjugated mouse anti-Fab antibody diluted 1:1,000 (Molecular Probes) in PBS-T-milk for 1 h at 37°C. Cell monolayers were examined on an inverted Nikon Diaphot microscope and images captured with a Nikon D100 digital camera. Images were cropped and figures constructed using Adobe Photoshop and Illustrator without digital adjusting or reprocessing of images.
In vitro neutralization assays. hMPV-neutralizing titers were determined by a plaque reduction assay as described elsewhere (84) , with the following modifications. Fab suspensions in serial fourfold dilutions, starting with no dilution, were incubated with a working stock of hMPV diluted to yield 50 plaques per well in a 24-well plate. The Fab and virus mixture was incubated for 1 h at 37°C with rotation. The Fab-virus mixtures then were plated in triplicate on LLC-MK2 monolayers in 24-well culture plates and allowed to adsorb at room temperature for 1 h. Wells were then overlaid with 0.75% methylcellulose in OptiMEM supplemented with trypsin and incubated at 37°C in a CO 2 incubator for 4 days. Monolayers were rinsed, formalin-fixed, and stained with guinea pig anti-hMPV serum and peroxidase-labeled goat anti-guinea pig Ig as previously described (84) . Plaques were counted, and 60% plaque reduction titers were calculated. hMPV-positive human serum was used as a positive control in all assays.
Genetic analysis of Fab clones. The light-chain and heavy-chain variableregion sequences of hMPV-reactive antibody Fab clones were determined as described elsewhere (86) . We analyzed V H or V L region sequences with the international ImMunoGeneTics database (http://imgt.cines.fr/) using the junction analysis program, reporting results with an updated nomenclature of the human Ig genes as recently summarized (31, 58) . All V H and V L segment assignments were reviewed and confirmed by manual inspection. Mutations in the junction region were manually confirmed, and mutations in the remaining regions were manually scored and tabulated.
Competition capture ELISA for epitope mapping. Fabs ACN044, AC59, LL01, DS1, DS6, and DS7 were biotinylated with a biotin labeling kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. Different Fabs against hMPV F⌬TM recombinant protein were bound to ELISA plates overnight at 4°C (0.5 g/well in 50 l PBS). Fab B12, recognizing human immunodeficiency virus, was used as a negative control. The wells were blocked at 37°C for 1 h with 1% bovine serum albumin (BSA) in PBS. Then diluted hMPV F⌬TM protein was added to each well (0.2 g/well in 50 l 1% BSA in PBS), and plates were incubated at 37°C for 1 h. After washes with PBS-T, different biotin-conjugated Fabs (0.5 g/well in 50 l 1% BSA in PBS) were added to each well, and then the plates were incubated at 37°C for 1 h. The plates were again washed with PBS-T and incubated with 1:1,000-diluted alkaline phosphatase-conjugated streptavidin (50 l/well in 1% BSA; Pierce) for 1 h at 37°C. After washing, phosphatase activity was tested with p-nitrophenyl phosphate (0.1%, wt/vol) in 0.1 M NaHCO 3 buffer (pH 9.8), 50 l/well. Optical density values were read at 405 nm.
Surface plasmon resonance (SPR). Kinetic analyses of hMPV F-specific-MAb binding to hMPV F protein was performed on a Biacore 2000 (Biacore AB, Uppsala, Sweden). Purified recombinant hMPV F or RSV F protein was diluted to 30 g/ml in 10 mM sodium acetate, pH 4.5, and covalently immobilized at 5 l/min by amine coupling to the dextran matrix of a CM5 sensor chip (Biacore AB) with a target density of 1,200 response units (RU). Since amine coupling results in random orientations of the coupled ligand to the surface of the chip, a surface density of 1,200 RU was needed to yield a maximum binding signal (R max ) of ϳ100 RU during the binding experiments. Unreacted active ester groups were blocked with 1 M ethanolamine. For use as a reference, a blank surface, containing no protein, was prepared under identical immobilization conditions. Purified hMPV F antibodies and an RSV-specific MAb, palivizumab (Synagis; MedImmune, Inc., Gaithersburg, MD), at different concentrations ranging from 5 to 500 nM in HBS/Tween-20 buffer (Biacore AB), were injected over the immobilized hMPV F protein, RSV F protein, or reference cell surfaces. Antibody binding was measured at a flow rate of 30 l/min for 180 s, and dissociation was monitored for an additional 360 s. Residual bound antibody was removed from the sensor chip by pulsing 50 mM HCl at 100 l/min for 30 s. Association rates (K on ), dissociation rates (K off ), and equilibrium dissociation constants (K D ) were calculated by aligning the binding curves globally to fit a 1:1 Langmuir binding model using BIAevaluation 4.1 software (Biacore AB). The goodness of each fit was based on the agreement between experimental data and the calculated fits, where the 2 values were below 1.0. In vivo infection and Fab treatment. Cotton rats were purchased at 5 to 6 weeks of age from a commercial breeder (Harlan, Indianapolis, IN), fed a standard diet and water ad libitum, and kept in microisolator cages. Animals were anesthetized by isoflurane inhalation prior to virus or Fab inoculation. The virus strain used was a pathogenic clinical isolate of hMPV designated TN/94-49, a genotype group A2 virus, according the proposed nomenclature (73) . This virus stock was determined to have a titer of 3.5 ϫ 10 6 PFU/ml by plaque titration in LLC-MK2 cell monolayer cultures. Cotton rats in groups of five to seven were inoculated intranasally on day 0 with 3.5 ϫ 10 5 PFU in a volume of 100 l. On day 3 postinfection, solutions of Fab were instilled intranasally. An irrelevant, similarly prepared Fab designated B12 was used at 1 or 4 mg/kg body weight. The hMPV F-specific Fab DS7 was used at 0.06, 0.25, 1, or 4 mg/kg body weight. All Fab concentrations were adjusted to a uniform volume of 100 l, except for the B12 4-mg/kg dose, which was given in a 225-l volume due to the lower concentration. On day 4 postinfection (24 h after Fab administration), the animals were sacrificed by CO 2 asphyxiation and exsanguinated. Nasal and lung tissues were harvested separately, weighed individually for each animal, and homogenized immediately. The lungs were pulverized in ice-cold glass homogenizers, and nasal turbinates were ground with sterile sand in a cold porcelain mortar and pestle in 3 ml of ice-cold Hanks' balanced salt solution. Tissue homogenates were centrifuged at 4°C for 10 min at 300 ϫ g, and the supernatants were collected, aliquoted into cryovials, and snap-frozen in liquid nitrogen. Virus yields were measured by plaque titration as previously described (84) . The Vanderbilt Institutional Animal Care and Use Committee approved the study.
Statistical analysis. Viral titers between control groups were compared with the Kruskal-Wallis test. Viral titers in each of the hMPV F-specific Fab DS7-treated groups were compared with the viral loads in the combined control groups using a Wilcoxon rank sum test. Linear regression was used to examine a dose-response relationship between Fab DS7 and viral titer. Controls were not included in the dose-response analysis. The doses were log 2 transformed, since the doses were 2 Ϫ4 , 2 Ϫ2 , 2 0 , and 2 2 mg/kg, and tissue virus titers were log 10 transformed to minimize the effect of a non-Gaussian distribution. Viral assays in which plaques were not detected were assigned a titer at the detection limit of 5 PFU/g before log 10 transformation. In this model, a line was fitted to the data, since we reasoned that with only four distinct dose levels, models that fit flexible curves to the data could be overfitting the data. Titers of experimental groups were expressed as geometric mean titers.
RESULTS
Recovery of hMPV F-specific monoclonal Fab fragments by phage library panning. Phage antibody Fab display libraries prepared from bone marrow tissues of 12 donors were selected individually against recombinant hMPV F protein bound to ELISA wells. Twenty or thirty antibody Fab clones present after the fourth or fifth round of phage panning were evaluated in an ELISA for reactivity against the selecting antigen. Antigen-specific clones were isolated from 5 of the 12 donor libraries. Analysis of the Fab light-chain and heavy-chain DNA sequences of the specific Fabs identified 14 different clones with distinct sequences (see Table S1 in the supplemental material).
Immunofluorescent detection of hMPV-infected cells. Bacterial supernatants from 14 Fab clones that specifically bound hMPV F⌬TM by ELISA screening were tested further by immunofluorescent assays for the ability to bind specifically to hMPV-infected cell monolayers. Of the 14 Fab antibodies tested, 12 exhibited specific binding to hMPV-infected cells, and 1 of these 12 clones is shown (Fig. 1A and B) . Several Fabs exhibited neutralizing activity in vitro (see below) and were purified from bacterial supernatants. These purified Fabs also bound to hMPV-infected cells, and one is shown (Fig. 1C and  D) . The F-specific Fabs detected both syncytia and single infected cells in a membrane-distributed pattern consistent with the expected localization of F protein. The pattern of fluorescence was similar to that seen previously with staining of hMPV-infected cells with polyclonal serum and cells transfected with cDNA encoding hMPV F alone (17) . Fab clones that detected hMPV by immunofluorescence were tested further for in vitro neutralizing ability.
In vitro neutralization. The majority of the Fab clones tested as bacterial supernatants did not exhibit in vitro neutralizing activity even at a 1:20 dilution. However, several clones showed activity at dilutions ranging from 1:55 to 1:65 (data not shown). These clones were expressed, purified, and then retested for neutralizing activity as purified Fabs (Table  1 ). The neutralizing titers of these Fabs ranged from 1:55 to 1:1,114. Adjustment for Fab concentration and calculation of specific neutralizing activity (i.e., the minimal concentration needed to accomplish 60% plaque reduction) showed that the specific neutralizing activities ranged from 1.1 g/ml to 3.2 g/ml (Table 1) . Nonspecific Fabs generated against irrelevant antigens did not show neutralizing activity. We further tested the Fabs for their ability to neutralize viruses from each of the four major hMPV genetic lineages in a separate set of experiments. All Fabs had similar activity against the A2 strain as in previous testing (Table 2) . However, DS1, DS6, and ACN044 did not exhibit activity against viruses from the other three lineages. DS7 neutralized A1 and B1 viruses at concentrations of 2.4 g/ml and 9.8 g/ml, respectively, similar to the specific activity against A2 virus. However, DS7 failed to neutralize B2 virus even at a concentration of 59 g/ml.
Variable gene segment usage and mutations. The hMPV F⌬TM-specific Fabs utilized a number of V H gene segments (see Table S1 in the supplemental material). V H 3-23 was present in only one clone, despite being the most commonly used V H segment in the adult random circulating B-cell repertoire (7, 12, 78) . V H 1-03, which is utilized by fewer than 5% of random circulating B cells, was used by four clones. V H 4-59 was utilized in three clones, two that were likely clonally related from one donor, and one from a separate donor. Of the four Fab clones with virusneutralizing activity, two from a single donor (DS1 and DS6) had very similar V H segments and identical HCDR3 regions (see Table S1 in the supplemental material) but distinct light chains. The two clones with the highest neutralizing ability (ACN044 and DS7) comprised V H , J H , and light chains that were distinct at the nucleotide and amino acid levels but had very similar HCDR3 loops (see Table S2 in the supplemental material). Analysis of somatic mutations revealed that most of the Fab clones were highly mutated, with framework mutations predominant (see Table S1 in the supplemental material). However, there was no apparent correlation between the number of mutations and neutralizing activity.
Competition ELISA analysis of hMPV-binding Fabs. In order to determine the number of antigenic sites that these human Fabs recognized, competition ELISA experiments were carried out. The results of these experiments are shown in Table 3 . The data show that there are several complex patterns of competition. The four Fabs with in vitro neutralizing activity (ACN044, DS1, DS6, and DS7) were all in the same competition group, along with several nonneutralizing Fabs. There were several partially overlapping competition groups that included both neutralizing and nonneutralizing Fabs. Three nonneutralizing Fabs (AC69, AC83, and Han09) competed only with the matched antibody. These data are represented pictorially by the epitope map in Fig. 2 . The figure is not meant to indicate actual regions on the F protein but rather to illustrate the overlapping nature of the epitopes.
SPR. SPR studies indicated that hMPV-specific Fab bound hMPV F⌬TM with high affinity, while as expected, the RSV F-specific MAb palivizumab did not. The binding curves of anti-hMPV Fab DS7 at concentrations ranging from 500 nM to 5 nM showed a pattern of specific binding to hMPV F⌬TM (Fig. 3A) . In contrast, Fig. 3A shows that palivizumab did not bind to hMPV F⌬TM even at 100 nM concentration. We tested the binding ability of palivizumab to RSV-F⌬TM, and it exhibited strong, specific binding (data not shown), showing that the lack of binding to hMPV F⌬TM was the result of specificity and not related to the quality of the antibody. The K on and K off of Fab DS7 with hMPV F⌬TM were measured at 3.54 ϫ 10 5 M Ϫ1 s Ϫ1 and 3.48 ϫ 10 Ϫ4 M Ϫ1 , respectively. The confidence in these kinetic values was strong based on small 2 (Ͻ1.0) values for all of the 1:1 Langmuir fitted binding sensograms. The affinity of Fab DS7 for hMPV F⌬TM was high, 9.84 ϫ 10 Ϫ10 M. These values suggest a strong, specific antibody-antigen binding. The human Fab DS7 showed specific binding to hMPV F⌬TM, but it did not have a detectable affinity for RSV F⌬TM protein (Fig. 3B) .
In vivo activity of DS7. Cotton rats were infected intranasally with hMPV and given Fab intranasally on day 3, 1 day prior to the peak of hMPV replication (84) . Animals were sacrificed and tissues harvested on day 4, and nasal and lung virus titers were determined. The virus titer in nasal turbinates was reduced only modestly by Fab DS7 treatment (Fig. 4A ). There was a significant difference in virus titers between the control groups (P ϭ 0.025), with those in the untreated control having a slightly higher geometric mean nasal virus titer than the two Fab B12-treated control groups (hMPV, 2.9 ϫ 10 4 PFU/g; B12 at 4 mg/kg, 1.2 ϫ 10 4 PFU/g; B12 at 1 mg/kg, 1.7 ϫ 10 4 PFU/g). We compared the DS7-treated groups to the combined control groups, and only the 4-mg/kg DS7 dose was associated with a significant reduction in nasal virus titer (4.9 ϫ 10 3 PFU/g versus 1.8 ϫ 10 4 PFU/g, P ϭ 0.0005) (Fig. 4A ). There was a statistically significant relationship between dose and response (P ϭ 0.0002): for every quadrupling of the dose, the expected viral load decreased by approximately Ϫ0.20 log 10 PFU/g (95% confidence interval [CI] of Ϫ0.29, Ϫ0.11) (Fig. 5A) . DS7 was highly effective at reducing viral titers in the lungs (Fig. 4B) . The control groups (either untreated or treated with Fab B12) had a mean lung virus titer of 9.6 ϫ 10 3 PFU/g. The lung virus titers did not differ between the three control groups (P ϭ 0.38). Each of the DS7-treated groups had a lower lung virus titer than the controls (P Ͻ 0.0002 for each group compared to controls). The mean virus titer in the lungs of DS7-treated animals ranged from 1.1 ϫ 10 2 (0.06-mg/kg dose) to 6.2 ϫ 10 0 PFU/g (4-mg/kg dose). Only one of seven animals in the 4-mg/kg DS7 group had detectable virus in the lungs. This represented a Ͼ1,500-fold reduction in the 4-mg/kg-treated cotton rats compared to controls. There was evidence that higher doses resulted in lower lung virus titers (P ϭ 0.013; slope, Ϫ0.36 log 10 PFU/g per dose quadrupling [95% CI of Ϫ0.62, Ϫ0.10]) (Fig. 5B) . However, this result was driven by the 4-mg/kg dose; the data suggest that there may be a threshold dose between 1 and 4 mg/kg, above which neutralization occurs more strongly. There was no evidence to suggest that the lung virus titer differed between the 0.06-, 0.25-, and 1.0-mg/kg doses (P ϭ 0.37). We also performed linear regression without log 2 transforming the doses, and the reduction in virus titer for both nasal and lung tissues was still significant (P Ͻ 0.0001 for both; Ϫ0.62 log 10 PFU/g [95% CI of Ϫ0.82, Ϫ0.43] for lung and Ϫ0.14 log 10 PFU/g [95% CI of Ϫ0.20, Ϫ0.09] for nasal turbinates).
We evaluated the possibility that the observed reduction in titer of hMPV in the lungs was due to neutralization in vitro when the lung homogenates were prepared and assayed for virus titer by plaque titration. Individual lung homogenates of six hMPV-infected animals were prepared on day 4 postinfection, and each was mixed separately with an equal volume of lung homogenate derived from a different animal that had received 4 mg/kg of Fab DS7 24 h previously. Plaque assay of the six mixed homogenates yielded a virus titer that was slightly lower than that in the unmixed lung suspensions from the infected animals. The difference in geometric mean titer of the two groups was only 10 0.5 . This indicated that the majority of the therapeutic effect observed in Fab recipients was due to an action of the Fab in vivo rather than neutralization of virus in vitro during homogenization of lung tissue.
DISCUSSION
We used a novel method of mammalian protein expression to generate a soluble form of the hMPV F protein (F⌬TM) that was highly immunogenic and induced neutralizing antibodies in cotton rats. This construct was used to select fully human MAbs from combinatorial phage display libraries. This approach proved effective in isolating numerous human Fabs that bound to hMPV-infected cells. This work also shows that the F⌬TM protein retains important neutralizing epitopes present on native F protein. Previous animal studies suggest 
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that hMPV F is the major determinant of protection, and thus, an improved understanding of the antigenic characteristics of F is critical for the development of vaccines and prophylactic antibodies (63, 64, 66, 67) . The Fabs that we describe here and additional Fab clones that we are isolating in ongoing work in our laboratories will be useful for mapping antigenic and neutralizing epitopes on the hMPV F protein.
Several of these Fabs exhibited neutralizing activity in vitro, but the majority of F-binding Fabs that were isolated did not neutralize virus, consistent with previous reports using phage display technology as a means of sampling specific antiviral human antibody repertoires (2, 14, 18, 86) . However, of the 14 F-specific Fabs we identified by ELISA screening, 12 bound hMPV-infected cells, and 4 of these exhibited in vitro neutralizing activity. This finding suggests a high efficiency of the panning and screening method and supports the hypothesis that the recombinant construct F⌬TM retains elements of mature F conformation as expressed on infected cells. Previous studies of human and mouse MAbs against RSV F have suggested that RSV F that was immunoaffinity purified from infected cell lysates presented an immature conformation and induced primarily nonneutralizing MAbs that did not recognize mature F protein (59) . Our results suggest that hMPV F⌬TM may be an antigen with greater conformational integrity.
Sequence analysis of multiple strains of hMPV isolated from diverse locations and over many years shows that there are four distinct genotypes of hMPV, provisionally designated A1, A2, B1, and B2, and that the proportion of genotypes represented in circulating strains varies from year to year (48, 49, 73, 85) . The F protein is 94 to 96% conserved at the amino acid sequence level between groups. Reinfection with hMPV with homologous and heterologous genogroup viruses has been described (22, 52, 81, 85) . It is not yet clear whether this represents incomplete immunity or immune escape resulting from antigenic variation, but preventive or therapeutic strategies against hMPV need to address this phenomenon. We tested the Fabs with neutralizing activity against fully sequenced and plaque-purified prototype strains from each lineage. Only DS7 neutralized strains from the A1 and B1 lineages in addition to the A2 lineage. DS7 failed to neutralize the B2 strain tested. It is not yet clear whether one virus lineage predominates in circulating strains, although studies conducted over a 20-year period found A2 and B2 viruses to be the most common (81, 85) . We have sequenced the complete F open reading frame from 78 isolates collected over a 20-year period, and we observed only 23 conserved amino acid differences between A2 and B2 strains (J. V. Williams, C.-F. Yang, C. K. Wang, and J. E. Crowe, Jr., unpublished data). Thus, it seems likely that there are neutralizing epitopes shared by strains of differing genotypes that will induce broadly neutralizing activity. One group recently reported the isolation of mouse MAbs against hMPV F that had various degrees of neutralizing activity against all four genotypes, with 50% plaque reduction concentrations ranging from 0.03 g/ml to 23.6 g/ml (70) . The specific in vitro neutralizing activity of DS7 against different subgroups of hMPV (1.1 to 9.8 g/ml) is similar to that of these mouse MAbs and is also comparable to the specific activity of palivizumab (27.46 g/ml as Fab) (87, 88) .
The hMPV F-specific Fabs isolated represented diverse V H and V L gene segment usage, similar to other reports of phage display-derived Fabs directed at viral glycoproteins (45, 69, 86) . The variable antibody gene segments present were segments that are not common in the repertoire of adult randomly selected B cells, but the natural repertoire of antibodies induced by hMPV infection is not known. It is important to note that phage display technology allows promiscuous heavy-and lightchain pairings that might not be present in the normally expressed repertoire. Two neutralizing clones from the same donor (DS1 and DS6) utilized distinct light chains but virtually identical heavy chains, suggesting that for these clones the heavy chain mediated the principal determinants of F⌬TM binding. In contrast, the two clones with the highest in vitro neutralizing activity (ACN044 and DS7), which were derived from separate human donor libraries, utilized V H and J H segments that were quite distinct at the nucleotide and amino acid levels. These two clones had similar HCDR3 sequences, suggesting that for these two clones, HCDR3 mediates binding. For most antigens, it is thought that the HCDR3 loop is the most critical determinant of antigen binding because it is usually located in the center of the antigen binding surface of the combining site (90) . We compared the ability of the Fabs to neutralize different subgroups of hMPV and to compete for binding sites on the F protein, leading to the identification of nine epitopes. Three of these were distinct but recognized by nonneutralizing Fabs (AC69, AC83, and Han09). The remaining six epitopes have antibodies that recognize one of two or three independent epitopes or recognize the overlap between these epitopes (Fig.  2) . Interestingly, three of the four neutralizing Fabs (ACN044, DS1, and DS6) recognized a single epitope, while Fab with the most potent neutralizing activity (DS7) recognized an overlapping epitope. A previous study of hMPV F-specific mouse MAbs identified several distinct neutralizing epitopes (70) . We are generating monoclonal antibody-resistant mutants of hMPV that will allow the determination of the precise location on the F protein sequence to which the Fabs bind.
Fab DS7 exhibited high affinity for hMPV F, with a K on of 3.54 ϫ 10 5 s Ϫ1 M Ϫ1 , K off of 3.48 ϫ 10 Ϫ4 s Ϫ1 , and K D of 0.98 nM. This is slightly higher than the affinity described for two mouse MAbs against hMPV F, which ranged from 1.42 to 4.49 nM (70) . The values we obtained for DS7 are similar to the K on , K off , and K D of the RSV-neutralizing Fab palivizumab (1.26 s Ϫ1 M Ϫ1 , 6.62 s Ϫ1 , and 5.25 nM, respectively) (14, 87, 88) . A comparison of two anti-RSV mouse MAbs suggested that affinity was the determining factor in their level of neutralizing activity (42) . Recent reports of affinity-matured, ultrapotent MAbs derived from palivizumab showed that decreases in the dissociation constant (K off ) had the greatest effect on overall affinity and neutralizing potency (87, 88) . We are conducting further studies to determine the epitope recognized by DS7 and the relationship between affinity, avidity (of full-length IgG), and neutralizing activity.
Fab DS7 provided a substantial degree of therapeutic effect against lung hMPV replication, reducing lung virus titers Ͼ1,500-fold at a dose of 4 mg/kg (380 g for a 95-g cotton rat). This effect is similar to the degree of reduction in lung virus we observed previously with F⌬TM vaccination of cotton rats (17) . A significant though more modest reduction in lung virus was observed even with the dose of 0.06 mg/kg. These results VOL. 81, 2007 HUMAN hMPV F MONOCLONAL ANTIBODY 8321
on October 1, 2017 by guest http://jvi.asm.org/ are similar to studies showing that Fabs against the related virus RSV generated using phage display are therapeutically effective in the mouse model (14, 15) . RSV also can cause fatal infections in immunocompromised hosts, and these infections are frequently treated with anti-RSV MAbs (19) . These findings suggest that neutralizing Fabs could be used therapeutically to treat hMPV infection in high-risk hosts, such as immunocompromised patients, in whom hMPV infection can be severe and fatal (10, 23, 40, 46, 52, 82) . Fabs offer promise as small-molecule aerosols for respiratory viruses that are limited to the respiratory epithelium. Also, Fabs generally are not immunomodulatory, since they lack the Fc domain and are cleared rapidly (39) . In summary, we used a novel F protein expression strategy combined with phage display to isolate human Fabs specific for hMPV F. Several of these Fabs exhibited in vitro neutralizing activity. Fab DS7 neutralized viruses from different genogroups, with a specific virus-neutralizing activity against the A2 strain of 1.1 g/ml. DS7 bound to purified F protein with nanomolar affinity and effected a Ͼ1,500-fold reduction in lung virus titer in treated cotton rats. DS7 and other anti-hMPV Fabs may have therapeutic or prophylactic potential against hMPV, an important emerging pathogen.
